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ABSTRACT
Durability of Hybrid Large Area Additive Tooling for
Vacuum Infusion of Composites
Nathan Joseph Northrup
Department of Manufacturing Engineering, BYU
Master of Science
The purpose of this research was to scientifically validate potential cost-saving measures
for production of large area additively manufactured tooling for vacuum infusion of composites.
These cost saving measures included using a hybrid additive/subtractive manufacturing system
to fabricate the mold, requiring lower capital cost and creating shorter lead times. Fiberglass
reinforcement was used instead of carbon in the mold material. The validation was done by
designing and fabricating a mold for a custom test artifact and analyzing the surface geometry
over the course of multiple infusions until tool failure.
After printing and machining, the mold required a sealer in order to maintain vacuum
integrity. The mold was able to produce 10 parts successfully before the sealed tool surface
began to tangibly roughen, resulting in increased difficulty of demolding and a rougher surface
finish. After the 14th infusion, the part required destructive force to be removed from the mold.
The surface geometry remained consistent within ±0.5 mm of the design over the course of the
infusions, and no significant trends in tool wear were observed during this time. In order to
quantify the change in roughness, profilometry measurements were taken on the finished mold,
and the measured area roughness value SA changed from 0.293 μm to 2.27 μm over the course of
the infusions.
Based on these results, it was concluded that an increase in surface adhesion is the
principal mode of tool failure over the life of these tools. In addition, it was concluded that the
minimum tool life for this combination of mold making methods and materials is 14 parts, as this
result was obtained under an extreme case in abrasive part geometry and materials for vacuum
infusion processing. Thus, this combination of methods and materials is suitable for prototyping
of composite parts or short production runs.
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INTRODUCTION

Background
Manufacturing technologies are rapidly changing in the 21st century. The advent of
computers in the 20th century created a world of possibilities for automating traditional
manufacturing processes, such as Computer Numeric Control (CNC) for machine tools like mills
and lathes. Additionally, these advances have opened the door to methods that were previously
not feasible, like using a computer controlled plastic extruder to build objects layer by layer,
enabling 3-dimensional “printing”. Whatever their application, computer automated
manufacturing processes have the potential to reduce waste, increase profitability for businesses,
and make things more quickly and accurately than any human is capable of alone.
For the context of this study, it is necessary to distinguish between two common types of
modern manufacturing processes, namely subtractive manufacturing (or material removal), and
additive manufacturing. Subtractive manufacturing processes involve removing material from a
previously made shape in order to create the desired shape. Common examples include milling,
grinding, cutting, drilling, electric discharge machining, die punching, and so on. Many of these
processes have been used for hundreds of years to great effect. Additive manufacturing
processes, on the other hand, are relatively new. They involve binding, fusing, or depositing
materials together in a computer-controlled environment to build an object up from nothing.
This can take many forms, such as melting and extruding thermoplastic feedstock, using a high1

powered laser to fuse powdered metal together, spraying a binder onto ceramic powder, or using
ultraviolet light to cure liquid photopolymer resin. This type of process enables complex
geometries that are not otherwise possible or as simple to create. The main competitive
advantage of additive manufacturing is that it allows for increased complexity without increased
cost. The simple graph shown in Figure 1-1 illustrates this advantage of additive manufacturing
as compared to subtractive manufacturing. This cost advantage makes additive manufacturing

Production Cost

processes a valuable option for manufacturers.

Complexity
Additive

Subtractive

Figure 1-1: A simplified illustration of relative
production cost vs. part complexity for manufactured
parts. This illustration assumes that parts across the
spectrum use equal amounts of the same material.
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One potential area of advantage for additive processes is that of molding tools, or tooling.
Tooling is used to form parts from various materials, such as injection molded plastic, die
formed metal, or advanced composite parts. Traditional tools are often machined from solid,
preformed blocks of material, based on the type of tool and the part geometry. This process
generates wasted material, resulting in monetary losses and extra work to capture and recycle the
waste. Additively manufactured tools, on the other hand, use only what material is needed to
create the part geometry, thus reducing or eliminating waste. In some cases, the surface of the
tool may need to be finished, meaning that some material will be removed, although the waste is
minimal. The use of additive processes for production tooling is a subject of ongoing research.
The Ambit™ PE-1 high-speed polymer extrusion system is a recent breakthrough in
additive manufacturing technology that allows for rapid production of large 3D printed parts in a
hybrid CNC environment. Modeled after Large Area Additive Manufacturing, the system
consists of a miniaturized plastic injection molding screw and heater that are attached to a
standard milling tool holder, as shown in Figure 1-2. This allows the spindle in virtually any
CNC milling platform to drive the screw and extrude thermoplastic polymer feedstock in a
computer-controlled environment and build 3D objects layer by layer, using a methodology
similar to Fused Deposition Modeling (FDM), one of the most common methods of additive
manufacturing. Since the extruder is mounted inside a CNC Machining Center, traditional
machine tools can be used in the same setup to remove material. This dual capability for
additive and subtractive manufacturing in the same machine, referred to as hybrid
manufacturing, has many potential benefits to rapid and versatile part production, benefits that
have yet to be thoroughly explored.

3

Figure 1-2: The HMT Ambit™ PE-1 Extruder

Preliminary research has shown that using the LAAM process to create tooling may be
beneficial and competitive with traditional mold-making techniques. One tooling application
that stands to benefit from this process is the production of tooling for Liquid Composite
Molding (LCM), specifically Vacuum Infusion (VI) processes. Traditionally, these tools have
typically been made by manually laying up composite materials, either onto an existing object or
a preform machined out of a material such as medium density fiberboard (MDF). This must be
done after the preform is machined to the part dimensions and the surface is properly coated with
release agents and tooling gel coat. These methods are time-consuming, labor-intensive, and
produce material waste, resulting in high cost and long lead times. It is theorized that using the
Ambit™ PE-1 system to create these tools directly may result in shorter lead times and reduced
costs over the life of the tool.
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Problem Statement
The purpose of this research is to investigate the feasibility and cost of using the Ambit™
PE-1 FDM system to create vacuum infusion molds for composite parts and to test the use of
glass fiber filled ABS feedstock material in this application. The hypothesis is that vacuum
infusion molds manufactured using the Ambit PE-1 LAAM system, with glass fiber ABS as the
feedstock material, and finished in the same machine are viable for production use and offer
economic benefits. The objective is to validate the economic advantages of this combination of
fabrication method and material by answering the following questions:
1. What economic characteristics are desirable by manufacturers for vacuum infusion
tooling? How does the aforementioned mold making method meet or not meet these
criteria?
2. What material properties affect the performance of vacuum infusion tooling? What are
these properties for glass fiber ABS parts fabricated using the Ambit PE-1 LAAM
system?
3. How long can tools made in this way produce parts that meet design specifications before
needing repair or replacement?
4. How does glass fiber ABS compare to carbon fiber ABS in terms of durability under the
conditions of vacuum infusion processing?

5

2

LITERATURE REVIEW

Additive Manufacturing Research
In recent years, a wealth of research has been conducted in the field of additive
manufacturing processes, and more studies are being conducted. This research mainly centers
around the characterization of additive manufacturing processes, the parameters that effect
process conditions, and the properties of the resulting parts. All this research is aimed at
increasing understanding of additive manufacturing and its potential applications. This is to
enable its more widespread adoption, as many are understandably reticent to invest in a process
that is unproven. To establish the scope of this study, it is necessary to specify the AM process
being considered here, namely Large Area Additive Manufacturing, a thermoplastic polymer
extrusion process. Within the realm of polymer extrusion additive manufacturing, frequently
referred to as fused deposition modeling (FDM) or 3D Printing, the research focuses on three
main topic areas: processing conditions, material properties, and applications. The focus of the
current study will be application, although processing conditions and material properties play a
role in successfully applying the methodology.
One research topic of importance to the current study is that of using fiber-reinforced
thermoplastic materials in FDM processes. This has been done on small and large scales, and
has been shown to have great benefits [1, 2]. FDM parts typically perform worse than their
injection molded counterparts due to the anisotropic nature of the deposition process [3]. Adding
6

a fiber reinforcement enhances the properties of the base polymer, most notably in terms of
stiffness and ultimate strength. This is maximized in the print direction, since the fibers tend to
align themselves in that direction [4]. Parts have a tendency to be weakest between deposition
layers, which is also the case with fiber-reinforced polymers [5, 6]. Research has also shown
potential in hybridizing the FDM process with the laying of continuous fiber composite tows [7].
The materials being considered for the application in context of this study are carbon fiber
reinforced acrylonitrile butadiene styrene (CFABS) and glass fiber reinforced ABS (GFABS).
Both are forms of short chopped fiber (~2mm) reinforced ABS.

Large Area Additive Manufacturing Research
Since the inception of Large Area Additive Manufacturing [8], the majority of research
has been conducted at Oak Ridge National Laboratory, focusing on basic process control studies
and exploring applications. Though it can be a challenging process to control, it has been
successfully used to fabricate incredible projects, including a functioning full-scale replica of a
Shelby Cobra [9, 10] and a mold for a wind turbine blade [11]. This is thanks to the studies
conducted to better understand the processing conditions and model their effects, particularly in
terms of rheological characteristics [12, 13], mechanical properties [5, 14, 15], and heat transfer
[16, 17]. This groundwork enabled this process to be adapted for use in a conventional milling
system [18], like the one used in this study.

Large Area Additive Tooling for Composites
The tooling industry stands to benefit from leveraging additive technologies. Additive
manufacturing processes allow for complex geometries and previously impossible shapes, such
as optimized cooling channels embedded into the mold itself [19]. In the realm of composites
7

manufacturing, researchers have made previously impossible complex composite parts possible
by laying up on 3D-printed tools which are then melted out post-cure, when they would
otherwise be trapped inside the finished part [20]. Additionally, when parts necessitate deep
cavities to be machined into the mold, the use of additive manufacturing eliminates a vast
amount of material waste and machine time, particularly when compared to tools made of
materials that are difficult or time consuming to machine.
The biggest question for the LAAM process, particularly when implemented in a hybrid
system, is that of application. Where is the market for this process, and where in industry does
this technology make sense? Preliminary research in the field of composite mold manufacturing
using this technology has shown great promise. Studies have been conducted in using LAAM
processes to make molding tools for various composite processes [21], including hand layup
[22], vacuum infusion [23, 24], autoclave processing [25, 26], and post-machining of
composites. One of the first studies into the durability of molds for vacuum infusion was
conducted by researchers at Oak Ridge National Laboratory [23]. Other recent studies have
focused on the potential for using this technology to make large-scale molds for applications
such as boat hulls [24] and wind turbine blades [11]. There is much to be done in this field to
characterize materials for use in LAAM composite tooling and investigate the durability and
cost-effectiveness of this method for mold making. This research has the potential to change the
way that tooling is made in industry, in order to leverage the freedoms of additive manufacturing
and reduce the cost of complex tools. This is particularly true with vacuum infusion tooling,
where the low-temperature processing conditions allow for the use of relatively inexpensive
thermoplastic materials in tool fabrication. Thus, one of the aims of the current study is to seek a
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better understanding of these factors for the use of glass-fiber filled ABS in the production of
LCM composite tooling.

Vacuum Infusion Processing
Vacuum infusion, sometimes referred to as vacuum assisted resin transfer molding
(VARTM) is a composite molding process where high quality parts are made by placing dry
fibers (ply stack) into a one-sided mold, covering the fibers with a vacuum bag made from a
flexible material such as silicone , subjecting the enclosed fibers to vacuum pressure, then
placing the end of the vacuum line in a low-viscosity thermoset resin (e.g. epoxy or polyester)
and allowing the pressure difference to cause the resin to flow through the enclosed fibers, as
shown in Figure 2-1. The resulting parts have an excellent surface finish on the mold side, and
typically have a fiber volume fraction between 45% and 55% [27].

Figure 2-1: Illustration of the vacuum infusion process.

The basic methodology for vacuum infusion processing of composite parts at room
temperature has been in use for many years, and variations upon the original method have proved
effective for numerous applications. The potential advantages of this process, as compared to
open molding processes, are as follows [28]:
9

•

High fiber content (typically 60-70% by weight rather than 45% by weight for most open
molding processes)

•

Low void content (less than 1%)

•

Increased mechanical strength for the same thickness

•

Fume free

•

Requires small capital investment; involves less manpower

•

Cost effective for small production series

•

Allows the manufacture of large, highly integrated structures
These advantages make vacuum infusion processes desirable in many cases. The tools

used for these processes must match the geometry of the desired part, and a path for resin flow,
from inlet to outlet, must be determined prior to tool fabrication. The ideal path is not always
obvious, and the difficulty is compounded by the variations in flow permeability presented by
different composite materials and the orientations of the fibers. As a result, it may also be
beneficial to determine the layup of the final part before tool fabrication.
Vacuum infusion tools are typically fabricated from composite materials. The main goal
is to reduce cost while maintaining final part integrity and geometric accuracy. A material such
as MDF can be machined into the part geometry, or an existing part may be used as a form. The
surface of the form is then sealed and coated, and the composite tool is laid up. These tools
typically have a wide flange in order to create a place where the vacuum bag can be sealed away
from the edges of the part. In cases where a production run is to be lengthy, a molded silicone
“vacuum bag” may be produced in order to avoid the cost of using vacuum bagging materials
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over a large production run, both for consumables and labor. This matched silicone tool allows
for rapid setup of part infusion and assists in maintaining process stability between infusions.

Materials and Methods for Large Area Additive Vacuum Infusion Molds
The majority of published studies investigating LAAM tooling for vacuum infusion use
carbon fiber reinforced acrylonitrile butadiene styrene (CFABS), as it has been shown to be a
suitable material for this application in terms of its stiffness, thermal conductivity, and
coefficient of thermal expansion [5, 15]. Fiberglass reinforced ABS, on the other hand, exhibits
lower stiffness[5] and lower thermal conductivity[1, 29], but around 40% less cost than carbon
fiber ABS for the same fiber content (20% reinforcement by weight). Validation of such a less
expensive material would further reduce the cost of LAAM-made tooling. It should be noted
that the type of tooling being used for this study is direct tooling, meaning that the negative
shape of the desired part is fabricated directly to facilitate molding the part directly. In some
cases, tools are made by first fabricating a master pattern of the desired part, which is then
sealed, coated, and used to fabricate a mold.
The initial motivation behind the current study was to show that tooling for vacuum
infusion of composites can be made using a hybrid LAAM system integrated into an inexpensive
mill, and that Fiberglass ABS is a suitable substitute for CFABS. These both constitute
potentially significant cost reductions as compared to current practices in LAAM for composite
tooling. In order to test the viability of this alternative method and material, it was necessary to
analyze the durability of such tooling over time. The purpose of this study is thus to investigate
the durability of fiberglass ABS Hybrid LAAM direct tooling for VARTM by analyzing the
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deviations in the surface of the mold cavity over the course of multiple part infusions until tool
failure.

Validation of Mold Durability
Several methods have been used to evaluate the durability of molding tools. The main
purpose of these methods is to quantify the changes in the surface of the mold, whether on a
macroscopic or microscopic scale. Measurement methods for detecting macroscopic tool wear
range from physically measuring key features to capturing a 3D model of the surface using Laser
Scanning Metrology and comparing to the original model [23, 30]. Microscopic changes in the
surface can be observed using an optical microscope and quantified using a profilometer to
measure surface roughness [31, 32]. Correlations have been found between an increase in
surface roughness of a material and an increase in its adhesive bond strength [32], a major cause
of tool failure for composite processing, although this has never been tested for ABS specifically
or its fiber-reinforced versions

12

3

METHODOLOGY

Survey of Industry
A survey was designed in order to assess the current practices for manufacture of tooling
for vacuum infusion in industry. This would establish a baseline for comparing the hybrid
method of tooling manufacture with other methods in terms of quality and economy. This
information is not readily available from public or private sources, as much of the information is
proprietary. The questions assessed the most desirable characteristics of vacuum infusion molds,
how currently used materials met those criteria, and what characteristics would need to be known
for a new mold material/fabrication process. The exact survey questions and responses can be
found in Appendix A.
Questions 1 and 2 asked for identifying information about the respondent and will not be
disclosed in the text. Question 3 asked respondents to rank the importance of various properties
of vacuum infusion mold. Question 4 asked what mold materials the respondent was familiar
with. Questions 5-9 asked about the benefits, drawbacks, longevity, cost, and lead times for each
material selected in question 4. Question 10 asked respondents what they would like to know
about a new method/material for making vacuum infusion molds, specifically hybrid
manufactured GFABS. Question 11, a follow-up to question 10, asked when this
method/material would be beneficial, given that it may have a shorter life but also shorter lead
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times and lower cost. These questions provide the context for this study, as it is aimed at
investigating the durability of this type of tooling so that it can be used in industry applications.

Test Artifact Design
In order to test the durability of this type of mold, it was first necessary to design a
suitable test artifact and the printed mold to make it. Since the purpose of the test artifact was to
explore the limits of the mold’s durability, it incorporated the following features, which tend to
accelerate tool wear and/or introduce defects into the finished part. Although these features are
difficult to mold and accelerate tool wear, they are not uncommon.
•

Small or nonexistent draft angles, the angle being measured from the axis pointing in the
direction of demolding. Smaller draft angles increase the difficulty of demolding and
may introduce abrasion to the tool surface during the demolding process.

•

Compound curvature, or areas of the artifact that are curved in multiple axes, i.e.
spherical or conical areas.

•

Small or nonexistent radii on edges.
All these features were incorporated into the final test artifact design. Additionally, to

further accelerate tool wear, a fiberglass plain weave fabric was used in the infusion process, as
fiberglass is more abrasive than other common reinforcement materials. A generic unsaturated
polyester resin was used as the matrix.
Design guidelines for LAAM [33], as well as those for 3-axis milling, were used to
constrain the design of the test artifact mold to ensure its manufacturability. As a rule, draft
angles in the z-print direction typically should not exceed 45° from the z-axis, and in this case
were constrained to 35° to avoid print defects. The geometry was also designed such that all
14

areas could be reached and machined using a 1/4” (6.35 mm) end mill with a 1” (25.4 mm) cut
length. These constraints do introduce some bias into the experiment, as they limit the test
artifact design to an object that is designed to be printable on the LAAM system. There are
many designs that would not be feasible to fabricate with this system, that could be fabricated
using other methods of mold making for vacuum infusion processing. However, it is here
assumed that the designer is familiar with the process limitations and thus designs accordingly,
and it is this type of artifact that is being considered for comparison. An engineering drawing of
the test artifact can be found in Appendix B.

Mold Fabrication
The print was prepared by exporting the SolidWorks model in STL format, with a coarse
mesh to reduce print errors (deviation tolerance 0.51023585 mm, angle tolerance 30.00°). The
STL file was then imported into ORNL Slicer (a 3D printing slicer developed for LAAM by Oak
Ridge National Laboratory) and aligned with the print bed in its proper orientation, as seen in
Figure 3-1. The print settings used for this mold are found in Table 3-1.

Figure 3-1: Polygonal model of the test artifact mold in
ORNL Slicer, shown in the print orientation.
15

Table 3-1: Print Settings
Setting Name
Layer Height
Bead Width – Layer
Bead Width – Infill
Extruder Speed – Perimeter
Extruder Speed – Infill
Feed Rate – Perimeter
Feed Rate – Infill
Perimeter Ring Count
Inset Bead Width
Sparse Infill Line Distance

Value
1.27
6.35
3.175
75
40
49
56
1
0
9.525

Units
mm
mm
mm
rpm
rpm
mm/s
mm/s
mm
mm

Prior to printing, the 20% fiberglass ABS pellets were dried in a plastic pellet dryer at
85°C for 3 hours. In order to prevent moisture contamination over the long print duration, the
feed material in the dryer was kept at 60°C throughout the printing process. A 1/8” (3.2 mm)
ABS sheet served as the print surface. The print took 255 minutes (4 hours 15 minutes). After
printing, the mold was then removed from the print bed and fixed to the mill table with toe
clamps. Work offsets were then set at the top center of the mold using a wireless probe. The
mold was then machined according to the process chart shown in Table 3-1. The total cycle time
for the machining processes was 407 minutes (6 hours 47 minutes). This resulted in a total tool
fabrication time of approximately 11 hours. The final mold can be seen in Figure 3-3.

Table 3-2: Machining Parameters
#

Description

1

Facing

2

Roughing

3

Surfacing

Tool Description

Spindle
RPM

1/2” (12.7 mm) Diamondlike
Carbon Square End Mill
1/2” (12.7 mm) Diamondlike
Carbon Square End Mill
1/4” (6.35 mm) Diamondlike
Carbon Ball End Mill

16

Stepover
(mm)

6000

Feed
Rate
(mm/min)
1524

11.43

Cycle
Time
(min)
5

6000

1524

5.08

12

6000

1981

0.1

390

Figure 3-2: The printed mold prior to machining.

Figure 3-3: The finished mold.
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Mold Preparation
After the machining was finished, the tool was inspected for any defects. This included
an initial laser scan to establish a baseline for comparison. An initial infusion was conducted to
determine if the mold was capable of producing parts as machined with no post-processing other
than applying mold release. For the first infusion, the mold was coated with 4 coats of Partall®
paste wax, applied and buffed after 1 minute. A mist coat of PVA was then applied using a
pneumatic paint sprayer and allowed to dry for 15 minutes. A second, thicker coat was then
applied and allowed to dry for 45 minutes. The initial layup was conducted using vacuum film,
breather cloth, and perforated release film, all placed over 2 layers of fiberglass plain weave
fabric, with the second ply rotated 45° with respect to the first ply. During the initial infusion, a
vacuum leak test was conducted by pulling a vacuum on the sealed mold, deactivating the
vacuum pump, and observing the change in pressure over the course of one minute. The
pressure in the cavity rose by approximately 45 kPa (0.45 bar) over the course of the minute,
indicating a lack of vacuum integrity in the mold. The infusion was thus carried out with the
vacuum pump activated the entire time.
The poor vacuum seal in the first infusion was attributed to porosity in the mold surface
from the printing process. Before the second infusion, the mold was cleaned and scanned again,
Resin deposits left from the first infusion required the use of sandpaper to remove. The entire
surface was subsequently sanded with 1000 grit sandpaper to prepare for sealing. The mold was
prepared with three coats of Chem Trend Chemlease® MPP 2737 mold primer, spaced 30
minutes apart, followed by four coats of Chem Trend Zyvax® 1050 mold sealer. At this point, a
reusable silicone bag was fabricated using Smooth-On EZ-Brush™ Vac Bag Silicone, using a
trapezoidal channel along the tool edges to allow the bag to seal when subjected to vacuum
18

pressure. After sealing the mold and creating the silicone bag, the vacuum seal test was
performed again. The pressure change was indiscernible over the course of 1 minute.

Vacuum Infusion Processing
As a result of the need to use a mold sealing system, the method of applying mold release
was changed to one designed to work with the sealer. Thus, before each subsequent infusion, 2
coats of Chem Trend Zyvax® 1070W water-based mold release were applied with a clean cloth.
The ply stack was then placed in the mold, consisting of 2 layers of fiberglass plain weave fabric,
with the second ply rotated 45°. Thin strips of flow media were placed running from the resin
inlet along the edges of the mold and into the center of the cavity to ensure even resin flow
during infusion, with the intent that the flow front would reach the outlet from all directions at
once. A strip of release film and breather cloth was stretched diagonally across the ply stack to
communicate vacuum from the outlet port across the mold cavity and to the seal channel. The
mold was then covered with the silicone bag and vacuum tubing was inserted, as shown in
Figure 3-4.

Figure 3-4: Vacuum infusion setup.
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The resin inlet was clamped off and the vacuum pump turned on. The polyester resin was
then mixed for 1 minute with 1.25% by weight of methyl ethyl ketone peroxide (MEKP)
hardener. The mixed resin was then placed in a vacuum degassing chamber for 1 minute. The
inlet tube was then placed into the resin cup and the clamp was removed. The flow of resin was
then observed until the fibers in the mold cavity were completely wet out and resin flowed out of
the outlet tube. Once resin flow was complete, the resin inlet was clamped off, the vacuum
pump left on to evacuate any air trapped in the system, and the part was left to cure. After the
manufacturer-recommended cure time, the part was removed from the mold (see Figure 3-5) and
all consumables were disposed of. The mold was then cleaned of residue using isopropyl
alcohol, as acetone dissolves ABS.
The infusion process was repeated until tool failure. For the purposes of this study,
failure was defined as any event that signals to the technician that the tool is no longer reliable
for use in part production. As such, there are multiple theoretical failure modes, e.g. surface
deviation outside desired tolerances, insufficient surface quality, or extreme difficulty in
releasing the part from the mold. Tolerances for surface profile geometry and requirements for
surface finish are both subjective measures, as they depend on the manufacturer’s desired level
of quality. It was thus determined that parts would be infused until the demolding process
became difficult enough that the part or mold was damaged during demolding. This would
indicate that the mold surface had worn to the point that the mold was no longer usable without
repair or refinishing. As the purpose of this study is to determine the minimum tool life, no
repair or refinishing was undertaken after tool failure. Further investigation would be needed to
validate the efficacy of refinishing such a tool and measuring its impact on dimensional accuracy
and surface quality.
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Figure 3-5: Finished parts after demolding.

Laser Scanning Metrology
After cleaning, the mold surface was scanned using a ROMER 7530 portable measuring
arm, equipped with a laser scanner. The scanner has a reported accuracy of 0.083 mm. Each
scan was conducted using multiple passes to obtain a polygonal mesh of the surface, first at fine
resolution, then at extra fine. This was done using Innovmetric PolyWorks Inspector™, a
commercial metrology software package. The scan data was then aligned to the CAD model of
the mold using an iterative alignment process, which optimized the alignment of the data to
minimize deviation from the CAD model. A color map of the deviation from the reference
object surfaces was then generated, as shown in Figure 3-6. This color map measures the
deviation between each data point and the nearest point on the surface of the CAD model.
Outlying scan artifact elements were then identified and removed. These outliers were classified
as any elements reporting deviations on an order of magnitude larger than the largest other
deviations. This was only necessary for a few of the scans, where there were 1-5 points with
unusually large deviations. These outliers resulted from noise in the data on the sharp edges,
which typically required multiple scanning passed to successfully capture. This process was
repeated after each infusion until tool failure.
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Figure 3-6: Example metrology color map, of mold after
seventh infusion.

The fabricated parts were not scanned due to their poor quality. This resulted from the
many sharp edges in the part geometry. The relatively inflexible glass plain weave did not
conform well to the tool during infusion. The purpose of the design was to wear out the mold,
not necessarily to produce high-quality parts, as testing this capability is outside of the scope of
the current study.

Profilometry
After the infusions were completed, the surface roughness was measured on an
untouched portion of the mold and one that was subjected to infusion processing (see Figure
3-7). This was done using a Hommelwerke LV-150 profilometer. The contact probe scanned a
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15 mm by 5 mm area and recorded the surface deviations with an accuracy of ±0.1μm. This
surface map was then passed through a Gaussian roughness filter, in accordance with ISO 25178
[31], and used to calculate the values of SA (arithmetic mean area roughness), a common
roughness measurement. This is the 2-dimensional equivalent of the RA value for surface
roughness, which only uses a straight-line path of probing. The equation for SA, as defined by
ISO standard 25178, is expressed as follows:
𝑺𝑺𝑨𝑨 =

𝟏𝟏

𝑳𝑳𝑳𝑳

𝑳𝑳 𝑩𝑩

(3-1)

∬𝟎𝟎 𝟎𝟎 |𝜼𝜼(𝒙𝒙, 𝒚𝒚)|𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅

Where L and B are the lengths of the sides of the rectangular area being probed and η is
the measured height relative to the reference plane at a given location in the area. Additionally,
to obtain a better visualization of the change in surface roughness, microscope images were
captured of the measured surfaces.

Unused

Used

Figure 3-7: Difference in surface finish between unused
section of mold (left) and section of mold exposed to
infusion processing (right).
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Follow-Up Profilometry Study
After profilometry was conducted on the finished mold, another experiment was done to
quantify the change in surface roughness over time for GFABS, as well as for CFABS. Two
small samples (1” x 1” square) were machined, sanded, and sealed in the same manner as the
original mold. After sealing, the surface roughness was measured using the same profilometry
methodology described in the previous subsection. They were then subjected to a series of
composite layups mimicking the processing conditions of the primary mold. For each layup, the
samples were first coated with mold release. Two layers of fiberglass fabric were laid on the
surface with enough polyester resin to wet out the fibers. A flat piece of silicone vacuum bag
material was placed on top of the samples and a 10.5 kg weight was placed on top to simulate the
0.8 bar vacuum pressure differential. After 2 hours, the fiberglass laminate was removed, and
the surface cleaned with isopropyl alcohol. After each layup, the surface roughness was
measured again.
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4

RESULTS AND DISCUSSION

Survey Results
A total of 5 people responded to the survey. As a result, statistical analysis of responses
would not be useful in providing meaningful insights about trends in industry. However, the
open-ended questions still provide useful information about the various methods currently used
in industry to make molds for vacuum infusion. Question 3, which asked respondents to rank the
importance of 6 mold characteristics, showed a large variance in the responses, with little
agreement across the board. This suggests that desirable properties for molds are dependent on
the needs of that particular part. Some parts may require better surface finish than others.
Overall cost is often the greatest consideration. For a large quantity of parts, durability may be
the priority.
Questions 4-9 asked for responses about particular materials that the respondent was
familiar with. Full text of responses to questions 5 and 6 (benefits and drawbacks of various
materials) can be found in appendix A. Responses to questions 7, 8, and 9 are summarized in
Table 4-1. These results, based as they are on a small sample of responses, constitute a starting
point for comparing cost effectiveness of various molding tools for vacuum infusion processing.
They are by no means the entire picture, and rather serve as a means to start a baseline for
comparison. By way of information, after the completion of the study, it is estimated that for
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hybrid manufactured GFABS tooling, the number of cycles is 10-14, the cost is somewhat
expensive, and the lead time is 2-7 days.

Table 4-1: Mold Material Characteristics
Material

Number of Cost*
Lead Time
Number of
Cycles
(Days)
Responses
Aluminum
1 – 1000
2–5
28 – 84
3
Carbon Fiber
1 – 500
4–5
14 – 70
5
Fiberglass
50 – 500
2–3
14 – 70
4
Medium Density Fiberboard (MDF)
1–5
1
14 – 21
1
Printed Plastic
1–5
3
1–2
1
Resin
20 – 100
3
28 – 42
1
Steel
1 – 100+
3
No Response
2
Tooling Board
1 – 50
3
14 – 21
1
*1 – Very Inexpensive, 2 – Somewhat Inexpensive, 3 – Neither Expensive nor
Inexpensive, 4 – Somewhat Expensive, 5 – Very Expensive

Question 10 was intended to determine what properties were desirable from a new mold
material, particularly GFABS. The most common responses included the cost and durability of
the material, which is the main focus of this study. Other common responses included
dimensional accuracy, surface finish, vacuum integrity, service temperatures, and coefficient of
thermal expansion. The majority of these properties are discussed at length in the text. For
informational purposes, the heat deflection temperature (at 66 psi, per ASTM D648) of GFABS
is 96°C [34] and the coefficient of thermal expansion is 31 x 10-6 K-1 (compare to 72 x 10-6 K-1
for neat ABS and 21 x 10-6 K-1 for aluminum) [35].
For question 11, nearly all respondents mentioned that the tradeoffs associated with
GFABS Hybrid tooling would likely be advantageous for rapid prototyping and short production
runs. Another common theme was that the advantages would depend greatly on what part was
being produced. Essentially, the advantages would need to be weighed on a case-by-case basis,
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since no one method of mold fabrication is best overall. The combination of method and
materials for mold making considered in this study would simply be another option that may be
advantageous for some parts, particularly in cases where it would be faster and cheaper than
other options.

Failure Mode
After 10 infusion cycles, it was observed that the part had become more difficult to
demold. The surface of the mold was also observed to be rough and pitted, which could be felt
with the hand. This degradation of the mold surface appeared to increase over the next four
cycles, along with an increase in surface adhesion and thus increased difficulty of demolding.
The tool failed after the 14th infusion, where the demolding difficulty increased to the point
where the required force to demold damaged the part and the mold. At this point, the mold had
reached its failure point as defined in Section 2.4, and infusions were thus stopped. It is possible
that the mold could have been refinished by sanding and reapplying mold sealer once again,
although investigating the practicality of this course of action is outside the scope of this study.

Scanning Results
Analysis of the scan data indicates that the process was stable over the course of the
infusions. Due to the scanning resolution of ±0.083 mm the software reports the percentage of
the measured surface that is outside of the default “safe zone” of ±0.1 mm. This percentage can
be interpreted as a measure of the percentage of the surface that has deviations worth further
investigation, as any deviations in the range of ±0.1 mm could be a result of measurement
uncertainty. This can be seen in Figure 4-1, where the percentage of the surface area with
significant deviation from the desired geometry is plotted for each infusion in chronological
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order. The only significant change occurred after cleaning the mold and applying the sealer,
which occurred between scans 1 and 2. This resulted from the sanding required to remove resin
deposits and prepare the surface for sealing, as well as the thickness added by the primer and
sealer. The range between the maximum and minimum deviations observed over the course of
infusions indicates no visible trend in overall tool wear, as seen in Figure 4-2. Additionally, the
root-mean-square (RMS) deviation shows that the surface in general stayed relatively uniform,
with no clear upward trend (see Figure 4-3). From a macroscopic perspective, the tool stayed
dimensionally accurate within ±0.5 mm over the course of the infusions, with no trends
indicating a general increase in tool wear between cycles for the first 14 infusions.

% of surface with significant deviation

18%
16%
14%
12%
10%
8%
6%
4%
2%
0%

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Scan

Figure 4-1: Percentage of surface with deviations
outside the range of measurement uncertainty over the
course of the infusions.
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0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
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Figure 4-2: Largest positive and negative deviations on
the mold surface over the course of infusions.
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0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Scan

Figure 4-3: RMS deviation over the course of the
infusions.
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It is possible that the high deviations caused by areas where material was removed during
the sanding process are masking trends in deviation in other areas. In any case, more beneficial
observations can be made by looking specifically at the areas of highest deviation over the
course of infusions. Upon closer investigation of wear patterns, it can be seen that the areas of
most significant wear are the inside faces and edges on the stepped portion of the test artifact.
This can be seen in Figure 4-4. The lack of draft on the inside faces resulted in significant
abrasion of the surface, which increased wear over the course of the infusions. These faces
increased in deviation from approximately 0.1 mm to 0.15 mm. The area of the greatest
deviation, the sharp 90° corners, experienced a similar trend, although to a greater degree. These
edges increased in deviation from approximately 0.15 mm to 0.3 mm (see Figure 4-5).

Figure 15
Figure 4-5

Figure 4-4: Color map of final scan, filtered for negative
deviations greater than 0.083 mm in magnitude.
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Figure 4-5: Close-up view of sharp corner from Figure
4-4, showing high negative deviations in worn edges
over the course of infusion processing.

Profilometry Results
Profilometry investigation to quantify the surface roughness of the mold before and after
infusion processing showed a significant increase in surface roughness. An untouched section
near the edge of the mold had a roughness SA value of 0.293 μm, while a visibly rougher section
next to the cavity measured 2.27 μm. This means that during the course of infusions, the tool
surface increased in mean roughness by approximately 775%. Surface maps of the measured
profiles before and after infusion processing can be found in Figure 4-6. These measurements
serve to quantify the change in surface quality over the course of infusion processing. They also
appear to be correlated to the increase in adhesive bond strength over the course of infusion
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processing, which ultimately was the cause of tool failure. The increase in roughness is a result
of microscopic deformations in the surface over time, such as the imprinting of the fiber tows on
the surface and the removal of small pockets of material that are bonded together during the cure
cycle. This results in a deformed and pitted surface, though the scale of this deformation is small
enough to be measurable only through profilometry. Microscopic images of the mold surface
before and after infusion processing can be found in Figure 4-7. The increase in adhesion may
also have resulted from the slow removal of the mold sealer, exposing the layers of mold primer
and GFABS to the polyester resin. The exact nature of the chemical interaction between the
polyester resin and the mold materials (sealer, primer, GFABS) is unclear and could be further
studied. It should be noted that any adhesive bonding between the resin and the substrate would
likely cause tool wear, and it appears that this is the primary cause of failure for the mold
material used in this study.

Figure 4-6: Surface roughness maps of untouched mold
surface (left) and surface exposed to infusion (right).
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20x

90x

90x

Figure 4-7: Microscope surface roughness comparison
between unused surface (right) and surface subjected to
infusion processing (left), with magnification shown.

Follow-up testing was undertaken to investigate trends in surface roughness, and to
compare the wear characteristics of GFABS with CFABS. This resulted in a trend of increasing
surface roughness over the course of infusion processing, as is to be expected. There is an
interesting difference between the trend in the GFABS sample (see Figure 4-8) and the CFABS
sample (see Figure 4-9). The increase in roughness for the GFABS sample is nearly linear, with
an R2 value of 0.9539. The increase in roughness for the CFABS sample, on the other hand, is
non-linear, and is best described as logarithmic, with an R2 value of 0.9198. What causes this is
unclear, and further testing would need to be done to further quantify the trends over a greater
number of infusions. However, for the scope of the current study, this is sufficient, since the
primary tool failed at a roughness of 2.27 μm, and both samples exceeded that threshold.
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Surface maps for each topology scan can be found in Appendices D and E. The difference
between the GFABS sample and CFABS sample could be the result of imperfect loading, i.e. the
weight not being equally distributed on the two samples. It could also be due to the difference in
fiber size in the two materials, since the glass fiber has a larger diameter than the carbon fiber.

3.5
3

y = 0.2081x + 0.0962
R² = 0.9539

GFABS SA (μm)

2.5
2
1.5
1
0.5
0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Scan

Figure 4-8: Surface roughness of GFABS over the course of layups.

It should be noted that the small samples far exceeded the surface roughness measured on
the original mold. The GFABS material crossed the original mold’s 2.27 μm failure threshold at
scan 9 and the CFABS at scan 7. It is possible that this came as a result of a lower roughness in
the location measured on original mold. It could also be caused by poor vacuum communication
throughout the mold cavity, meaning that the area measured was subjected to a smaller pressure
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load than the samples, which were directly loaded. The roughness came, in part, from the shape
of the fiberglass fabric tows imprinting on the mold surface. Since the two materials crossed the
2.27 μm threshold at roughly the same time, it could be inferred that the durability of the two
materials for this molding application is roughly the same. This inference assumes that the
increase in surface roughness and its attendant increase in adhesion is the primary failure mode
for the mold. Since the durability of the two materials is roughly the same, and GFABS is 40%
less expensive than CFABS, it may be a better alternative, provided that the decreased stiffness
and thermal conductivity don’t present a problem for the given application.

3.5
3

y = 0.7866ln(x) + 0.5706
R² = 0.9198

CFABS SA (μm)
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Figure 4-9: Surface roughness of CFABS over the course of layups.
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Cost Analysis of Test Artifact Mold
In order to determine the economic advantage of this method and material of mold
making, it is necessary to analyze the cost of such a mold and compare it to other alternatives.
This cost consists of material cost and machine time cost. Labor cost for finishing and/or sealing
of the molds is not considered here, as it is assumed to be relatively constant among the various
types of direct tooling being compared. Cost analysis was done for hybrid manufactured
GFABS (Table 4-2), hybrid manufactured CFABS (Table 4-3), traditionally manufactured
aluminum (Table 4-4), and traditionally manufactured polyurethane tooling board (Table 4-5). It
should be noted that for this mold, the hybrid method is not economically optimal for material
cost, overall cost, or lead time. As far as number of parts that can be manufactured, the
aluminum tool is likely to withstand many more cycles without failure, and the tooling board will
likely be in a similar range of cycles as the hybrid tools (10-15), as it is intended for short
production runs as well. The added cost of print time presents an economic disadvantage for
hybrid tooling, particularly since the machine time is nearly the same, as roughing operations are
a relatively small portion of the machine time, and materials such as aluminum and tooling board
can be machined quickly.
It is possible that hybrid tooling, though it does cost more to manufacture in this case due
to the printing time, can be more cost advantageous in the case of very large molding tools, such
as the wind turbine blade mold mentioned in 2.2. As the size of the desired mold increase, the
material cost of hybrid tooling increases linearly, as the increase in the amount of material
required is linearly proportional to the increase in part volume. For metal tooling, however, the
increase is not linear, as the cost of manufacturing an especially large piece of stock can be much
greater than simply the increase in volume, due to the added costs of transportation and the need
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to custom order this piece from a manufacturer. This, in turn, would also drastically increase the
lead time for a metal tool, as such a custom piece of stock may take weeks to make.
Additionally, there is the potential with hybrid tooling to build features into the mold that would
not be otherwise possible with conventional manufacturing methods, such as heating/cooling
ducts and embedded sensors. Features such as these could facilitate advanced process control
during the infusion process, with the ability to measure and adjust temperatures in the mold to
optimize the cure cycle and resin flow, thus improving part quality and process efficiency.

Table 4-2: Cost of Hybrid Manufactured Fiberglass ABS
Item
Fiberglass ABS Feedstock
Printing
Machining
Total

Value
3.8
4.25
6.75

Units
kg
hr
hr

Cost/Unit
$13.00
$60.00
$60.00

Cost
$49.40
$255.00
$405.00
$709.40

Table 4-3: Cost of Hybrid Manufactured Carbon Fiber ABS
Item
Carbon Fiber ABS Feedstock
Printing
Machining
Total

Value
3.8
4.25
6.75

Units
kg
hr
hr

Cost/Unit
$22.13
$60.00
$60.00

Cost
$84.11
$255.00
$405.00
$744.11

Table 4-4: Cost of Traditionally Manufactured Aluminum
Item
2” x 10” Aluminum Bar
Machining
Total

Value
13
6.75
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Units
in
hr

Cost/Unit
$17.46
$60.00

Cost
$227.03
$405.00
$632.03

Table 4-5: Cost of Traditionally Manufactured Direct Tooling
Item
500mm x 250 mm x 50 mm
Polyurethane Board
Machining
Total

Value
1

Units
sheet

6.75

hr

Cost/Unit
$38.65

Cost
$38.65

$60.00

$405.00
$443.65

Table 4-6: Cost Per Part Comparison
Mold Material
Hybrid GFABS
Hybrid CFABS
Aluminum
Tooling Board

Material
Cost
$49.40
$84.11
$227.03
$38.65

Machining
Cost
$660.00
$660.00
$405.00
$405.00
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Total
Cost
$709.40
$744.11
$632.03
$443.65

Approximate
Number of Parts
12
12
500
25

Cost per
Part
$59.12
$62.01
$1.26
$17.75

5

CONCLUSIONS

A 20% glass fiber ABS mold for vacuum infusion of composites was fabricated and
subjected to 14 molding cycles before failure. Failure was caused by an increase in adhesion
between the mold surface and the fiberglass/polyester composite laminate during the cure cycle.
Surface scanning metrology showed that the mold surface remained dimensionally accurate
within ±0.5 mm over the course of infusion processing, with no discernible general trends in
macroscopic tool wear. Wear patterns were identified on the inside planar faces with no draft
angle, as well as the sharp corners designed to wear quickly over time. Profilometry
measurements showed a >7x increase in mean areal surface roughness (SA) over the course of
infusion processing. This is linked to the visible degradation of the surface, which in turn is
related to the increase in adhesive bond strength, although the relationship between these is
unclear without further investigation.
These results indicate that this combination of method and materials can be used to
produce short runs of composite parts. It could be inferred that since this test was done under an
extreme case for part design as well as abrasive matrix/reinforcement materials, approximately
14 parts is the minimum tool life that can be reasonably expected. Thus, these molds are suitable
for short production runs or prototyping of composites. There may be advantages to using this
method over others, particularly if the part geometry might otherwise require a lot of material to
be wasted during the fabrication process. Consideration should be taken both during the design
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process as well as the mold material selection process to determine if this or another method of
mold fabrication is the most ideal.
One major limitation of a study like this is the number of variables that can influence the
outcome. As such, these results are only applicable for this specific combination of part
geometry, fabrication method, mold material, composite matrix/reinforcement, and mold sealer.
Additional research into the mechanisms of adhesion and bonding between thermoplastic
polymers and thermosetting resins over multiple cycles would inform this study.
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APPENDIX A.

SURVEY QUESTIONS AND RESPONSES

Vacuum Infusion Tooling Survey for Toolmakers in Composites
Q2 - Which industry does your organization do business in? Select all that apply.

Other - Tooling
45

Q3 - When determining what material and/or method to use for making a vacuum infusion
mold, how would you rank the importance of the following factors? 1 is most important, 6
is least important.
#

Field Minimum Maximum Mean

Std
Variance Count
Deviation

1

Cost ($)

1.00

4.00

2.17

1.21

1.47

6

2

Lead Time
Durability (# of
acceptable parts
produced)
Thermal Properties
(Thermal expansion,
thermal conductivity,
etc.)
Mechanical Properties
(Stiffness, strength, etc.)
Surface Finish Quality

2.00

6.00

4.00

1.53

2.33

6

1.00

6.00

4.00

1.91

3.67

6

1.00

6.00

3.33

1.89

3.56

6

2.00

6.00

4.33

1.49

2.22

6

2.00

5.00

3.17

1.07

1.14

6

3

4
5
6
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Q4 - What types of molds have you used for vacuum infusion? Select all that apply.

Other - Tooling Boards, Infuse on existing part/model to create female mold. Putty model is
common
2nd Other – Printed Plastic

47

1_Q5 - What are the benefits of Aluminum molds?
Quality and Durability
Cheap material that is relatively easy to machine and source. Is weldable and repairable. Light
weight compared to other metal mold materials means it can be easier to transport (when
dealing with large molds).
Good surface finish, no issues with vacuum leaks.
1_Q6 - What are the drawbacks of Aluminum molds?
Cost
Compared to other metal tooling, aluminum has low hardness (high risk for surface damage)
and pronounced CTE mismatch with carbon fiber when molding with heat.
Heavier than fiberglass! Expensive to machine entire mold.
1_Q7 - In your experience, how many parts can typically be made before a(n) Aluminum
mold must be scrapped or repaired? Give a range.
Minimum

Maximum

200

1000

1

100+

150

500
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1_Q8 - How expensive or inexpensive are Aluminum molds, compared to other options?

1_Q9 - What is a typical lead time for a(n) Aluminum mold?
6 to 12 weeks
Lead time highly dependent on size of mold needed, features to be machined, tolerances to be
held, etc. Also, regarding "In your experience, how many parts can typically be made before
a(n) Aluminum mold must be scrapped or repaired?" This question is highly dependent on a
number of factors, such as: part geometry, surface treatment (mold release), part molding
process parameters (heat cycle, resin used), how parts are removed from mold once cured, how
mold is cleaned, etc. etc.
About a month
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2_Q5 - What are the benefits of Steel molds?
Cost, Durability,
Better CTE match to carbon, compared to aluminum. Very stiff. Harder (better surface finish
retention and polish-ability).
2_Q6 - What are the drawbacks of Steel molds?
weight. Thermal cycling can be an issue.
Heavy. Expensive. Often takes longer time/effort to machine, compared to other mold
materials.
2_Q7 - In your experience, how many parts can typically be made before a(n) Steel mold
must be scrapped or repaired? Give a range.
Minimum

Maximum

1

100+

2_Q8 - How expensive or inexpensive are Steel molds, compared to other options?

2_Q9 - What is a typical lead time for a(n) Steel mold?
Totally depends on same things as for aluminum mold.
50

3_Q5 - What are the benefits of Resin molds?
Good mid price range option.
3_Q6 - What are the drawbacks of Resin molds?
Tool life and they typically do not do well in higher temperature applications.
3_Q7 - In your experience, how many parts can typically be made before a(n) Resin mold
must be scrapped or repaired? Give a range.
Minimum

Maximum

20

100

3_Q8 - How expensive or inexpensive are Resin molds, compared to other options?

3_Q9 - What is a typical lead time for a(n) Resin mold?
4-6 weeks
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4_Q5 - What are the benefits of Fiberglass molds?
Weight, Price, done in house
Quick turn around, lower cost, good molds for thermal set resins.
Lead time, thermal inertia, thermal expansion, weight compare to metallic tool
Weight! They are much lighter than metal tooling!
4_Q6 - What are the drawbacks of Fiberglass molds?
durability can be an issue.
Typically they don't work well with high temp systems.
Durability
You may get some leads in the mold that could impact the ability to seal during vacuum
infusion. They are also not as strong as other mold types.
4_Q7 - In your experience, how many parts can typically be made before a(n) Fiberglass
mold must be scrapped or repaired? Give a range.
Minimum

Maximum

50

150

80

200

200

500

100

300
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4_Q8 - How expensive or inexpensive are Fiberglass molds, compared to other options?

4_Q9 - What is a typical lead time for a(n) Fiberglass mold?
4-6 weeks
8 to 10 weeks
2-3 weeks
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5_Q5 - What are the benefits of Carbon Fiber molds?
Weight, stiffness
Durability, stiffness.
Weight, Thermal inertia, lead time, thermal expansion
CTE match when molding carbon fiber parts under heated process conditions. Stiff. **Can be
molded to net shape/near net shape (for example when made from a master model) which then
requires no/very little post machining work.** Can be used to manufacture very large tools for
infusion.
Weight! Even lighter than glass tooling.
5_Q6 - What are the drawbacks of Carbon Fiber molds?
cost
Cost
Durability
Cost. Surface finish/prep of molding surfaces. Potential for porosity and compromised vacuum
integrity. Brittle, susceptible to damage from tool strikes etc. on the production floor.
Cost.
5_Q7 - In your experience, how many parts can typically be made before a(n) Carbon
Fiber mold must be scrapped or repaired? Give a range.
Minimum

Maximum

50

150

100

500

200

500

1
150

400
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5_Q8 - How expensive or inexpensive are Carbon Fiber molds, compared to other options?

5_Q9 - What is a typical lead time for a(n) Carbon Fiber mold?
6-8 weeks
8 to 10 weeks
Depends on same sort of things as metal tools.
2-3 weeks
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6_Q5 - What are the benefits of MDF molds?
Low cost, easily cut or modified.
6_Q6 - What are the drawbacks of MDF molds?
Extremely low durability.
6_Q7 - In your experience, how many parts can typically be made before a(n) MDF mold
must be scrapped or repaired? Give a range.
Minimum

Maximum

1

5

6_Q8 - How expensive or inexpensive are MDF molds, compared to other options?

6_Q9 - What is a typical lead time for a(n) MDF mold?
2-3 weeks
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7_Q5 - What are the benefits of Tooling Board molds?
Good durability, quick turn around and they are usually direct machined so tolerances are not a
issue.
7_Q6 - What are the drawbacks of Tooling Board molds?
They usually have a relatively low life cycle.
7_Q7 - In your experience, how many parts can typically be made before a(n) Tooling
Board mold must be scrapped or repaired? Give a range.
Minimum

Maximum

1

50

7_Q8 - How expensive or inexpensive are Tooling Board molds, compared to other options?

7_Q9 - What is a typical lead time for a(n) Tooling Board mold?
2-3 weeks
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8_Q5 - What are the benefits of Infuse on existing part/putty model molds?
Can be a cheap(er) option. Does not always require machining of mold to finish the mold
itself.
8_Q6 - What are the drawbacks of Infuse on existing part/putty model molds?
Part prep can be difficult. Putty patterns are commonly one-time use, and require machining
themselves before a mold can be pulled off of them.
8_Q7 - In your experience, how many parts can typically be made before a(n) Infuse on
existing part/putty model mold must be scrapped or repaired? Give a range.
No response.
8_Q8 - How expensive or inexpensive are Infuse on existing part/putty model molds,
compared to other options?

7_Q9 - What is a typical lead time for a(n) Infuse on existing part/putty model mold?
No response.
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9_Q5 - What are the benefits of Printed Plastic molds?
Quick.
9_Q6 - What are the drawbacks of Printed Plastic molds?
They are only good for a couple of parts.
9_Q7 - In your experience, how many parts can typically be made before a(n) Printed
Plastic mold must be scrapped or repaired? Give a range.
Minimum

Maximum

1

5

9_Q8 - How expensive or inexpensive are Printed Plastic molds, compared to other
options?

9_Q9 - What is a typical lead time for a(n) Printed Plastic mold?
1-2 days
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Q10 - If a new method of moldmaking were presented to you using large-scale 3D printing
of fiberglass ABS, what would you want to know before using it?
how it's finished CTE temp capability tolerances potential life cycles vacuum integrity? how
tough is it
Cost and tool life expectancy.
What is the thermal expansion (CTE) of this new material
Dimensional tolerances achievable, surface finish of molding surfaces achievable (roughness),
vacuum integrity possible?, realistic service temperatures allowed, "large-scale" is how big?,
comparable cost for a given tool with ABS compared to aluminum.
Cost and durability compared to other manufacturing methods.
Q11 - Preliminary investigations have shown that large-scale 3D printed fiberglass ABS
molds may reduce costs and lead times, although they may exhibit lower thermal and
mechanical properties and may not be as durable. When might these tradeoffs be
desirable?
product development Short qty production wider tolerance parts
For rapid prototyping and one off parts.
It depends if it's for aerospace, industrial, marine...
Non-aerospace parts. Consumer products, sporting goods, marine industry (non-structural
applications such as interiors, etc.). Also, reduction in costs is relative to mold's life. If only a
dozen parts can be pulled then it might not be worth the wait/cost to have ABS versus a metal
tool.
If it's faster and cheaper that other methods, especially when doing small runs of product.
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APPENDIX B.

TEST ARTIFACT ENGINEERING DRAWING

61

APPENDIX C.

LASER SCANNING METROLOGY COLOR MAPS

Initial scan
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After 1st infusion

After 2nd infusion
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After 3rd infusion

After 4th infusion
64

After 5th infusion

After 6th infusion
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After 7th infusion

After 8th infusion
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After 9th infusion

After 10th infusion
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After 11th infusion

After 12th infusion
68

After 13th infusion

After 14th infusion
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APPENDIX D.

GLASS FIBER ABS PROFILOMETRY COLOR MAPS

Initial scan
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After 1st infusion

After 2nd infusion
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After 3rd infusion

After 4th infusion
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After 5th infusion

After 6th infusion
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After 7th infusion

After 8th infusion
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After 9th infusion

After 10th infusion
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After 11th infusion

After 12th infusion
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After 13th infusion

After 14th infusion
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APPENDIX E.

CARBON FIBER ABS PROFILOMETRY COLOR MAPS

Initial scan
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After 1st infusion

After 2nd infusion
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After 3rd infusion

After 4th infusion
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After 5th infusion

After 6th infusion
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After 7th infusion

After 8th infusion
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After 9th infusion

After 10th infusion
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After 11th infusion

After 12th infusion
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After 13th infusion

After 14th infusion
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